The "streaming limited fluence" for >30 MeV protons is estimated to be 6-8 x 10 9 cm -2, and the rapid decrease in the probability of occurrence of solar proton events observed in the vicinity of this fluence is proposed to be due to this effect.
Introduction

In a companion paper, McCracken et al. [this issue] show
that the impulsive nitrate events observed in polar ice cores [Dreschhoff and Zeller, 1990; Zeller and Dreschhoff, 1995] [Gleissberg, 1958 [Gleissberg, , 1965 [Gleissberg, , 1966 .) The minima of the solar cycles from 1611 to the present are from McKinnon [1987] ; minima prior to 1611 have been assumed to be in 1567, 1578, 1589, and 1600. Two events from It is important to recall that the data in Figure 1 , Table 1 , and elsewhere in this paper are from the Greenland ice core only. In addition, there is a variability in the conversion factor from nitrate to fluence which is poorly quantified at this time In addition, as discussed in the previous paragraph, we are using only the Greenland ice core for this analysis. We estimate the detection efficiency prior to 1950 to be -75%, and thus the Greenland data underestimate SPE occurrence by a factor of about 1.33. Whenever we have made comparisons over the entire interval 1561-1994, the SPE frequencies derived from the Greenland data have been increased by this factor to normalize the data to the present era. None of the conclusions of this paper are critically dependent upon the value of this normalization factor within the range 1.0-2.0. The normalized frequency per Schwabe cycle is given in Table 1 .
In addition to the seasonal variation in conversion factor, the experimental errors discussed in connection with 
Gleissberg Periodicity in Solar Proton
End of the Maunder Minimum
In the following, we examine a feature of the solar proton event data that may provide insight into the varying conditions in the inner solar system during the Gl½issbcrg cycle. Since the pioneering work of Eddy, there has been a concerted international effort to recover "lost" sunspot observations prior to and during the Maunder Minima [Letfus, 1993 [Letfus, , 1999 Hoyt and Schatten, 1995a , 1995b . There has been a rcnormalization of these early observations into the criteria for the international sunspot number [Hoyt and Shatten, 1992 , 1995c , 1995d , 1998a , 1998b , and these are the sunspot numbers plotted in the figures in this paper. These numbers are available from the National Geophysical Data Center [2000] .
The abrupt increase in aurora½ circa 1715 led Eddy to conclude that the Maunder Minimum ended in 1715. Quoting the work of Eddy [1976, 1977] , this date has been accepted by many scientists. Certainly, the aurora½ data make it clear that the major break with the past behavior of the geomagnetic field The SPE data, together with the estimates of the international sunspot number shown in Figure 1 indicate that the Sun had commenced to develop substantial magnetic fields during 1700-1715, leading to particle acceleration processes similar to those occurring in modern times. However, the paucity of aurorae during those years (with implication of a paucity of geomagnetic storms) further implies either (1) that few interplanetary shock waves reached Earth, or (2) the absence of strong southward directed Bz fields interacting with the magnetosphere. In view of the small numbers of large fluence solar proton events in each Schwabe cycle, and the limited scope of the result (three Gleissberg cycles at best), this result must be viewed with caution. Until it can be tested over a longer time series of SPE data, we regard it as a simple experimental result that there was a skewed distribution of SPE occurrence in the last half of the three consecutive Gleissberg cycles 1650-1910. We note that this behavior does not appear to have occurred in the Gleissberg cycle 1910-19857; however, the fact that the international sunspot number had not commenced to decline up to the end of the 22nd Schwabe cycle indicates that other factors may be operating.
6.
Role We suggest the following model which is based on the "coronal mass ejection acceleration model" of Reames and others [cf. Reames, 1995 Reames, , 1999 . We do this because many of the large fluence solar proton events in the nitrate and satellite records since the commencement of magnetic recording in the mid 1800s were accompanied by exceptional geomagnetic storms. little resistance from the surrounding coronal medium, and the ejection velocity would be high. It has been shown that the efficiency of solar proton acceleration by a CME varies as the fourth power of the CME velocity IReames, 2000]; as a consequence acceleration would be particularly effective during and immediately after the Maunder Minimum. Furthermore, the low particle and magnetic density in interplanetary space would mean that the shock wave generated by the CME would have a considerably smaller momentum density than in the present era, and there would be minor geomagnetic activity when it reached Earth. These predictions are consistent with the data summarized in Figure 3 The model implies that CMEs near the maximum of the Gleissberg cycle would encounter the greatest resistance from the matter and magnetic densities. As a consequence, the average ejection velocities would be lower, and because of the fourth power law of velocity [Reames, 2000] , particle acceleration would be less efficient. This prediction is consistent with the absence of large solar proton events after 1735, near the peak of the Gleissberg cycle from 1650-1750. The kinetic energy of the CME will probably increase as the maximum of the Gleissberg cycle is approached, and this can be expected to compensate to some degree for the increased coronal matter densities. However, the model would be interpreted to indicate that this was insufficient to compensate for the higher coronal density in the vicinity of 1735 as proposed by the model.
Through the declining phase of the Gleissberg cycle, the model indicates that the matter and magnetic densities of the corona would slowly decline. As a result, the CME ejection velocities could be higher and the particle acceleration increasingly efficient. Approaching the minimum of the Gleissberg cycle, CMEs would achieve higher ejection velocities, and par- based upon a value of 40 for the conversion factor, K(t, h) , which was regarded as a conservative estimate for the entire data series. However, the Carrington event occurred on September 1, 1859, and the late summer precipitation process was probably less efficient than is implied by a conversion factor of 40. Taking the event of August 1972 as a better approximation to the precipitation of nitrate in the polar summer, Table 3 Reames [1999] has summarized the work that has lead to the recognition that the intensities of solar proton events associated with "gradual" solar X-ray activity exhibit an asymptotic value of particle flux due to interaction between resonant ion waves and the SPE fluxes, yielding streaming limited particle fluxes early in a solar proton event. This process should also set a limit for the fluence in a very large event, and we now test whether the Carrington event, and other large SPEs in the nitrate record have approached or exceeded that limit. We [Fairbridge, 1967] . Without an independent index of solar activity, it is unlikely that unambiguous validation of solar control beyond 1000 years into the past will be possible.
For the above reasons, the ability to quantify solar activity through the identification of solar proton events in polar ice cores has significance far beyond the study of the events themselves. As stated in section 11 of McCracken et al. [this issue], drill holes extending into ice that is 40,000 years old are common, while there have been two drill holes extending into ice more than 200,000 years old [Legrand and Mayewski, 1997] . Since the nitrate is securely trapped in the crystals of consolidated ice and there are no known decay mechanisms, it is feasible to consider the identification of solar proton events extending far into the past. We can therefore anticipate using the impulsive nitrate events to study solar activity and solar magnetic properties over a period of time that is up to 100 times the length available to us today.
There will be a similar impact upon the study of solar control on the he!iosphere and the terrestrial environment. There have been a number of studies that have indicated a correlation between sunspot number and the climate of Earth [Fairbridge, 1967; Eddy, 1976 Eddy, , 1977 . It has been proposed that the "little ice ages" were associated with the Spoerer and Maunder Minima, and that there was a "Grand Sunspot Maximum," 1100-1250 A.D., that correlated with a warm climate in Europe. It has been argued that the cloud cover of the polar regions is positively correlated with the galactic cosmic radiation [Svensmark and Friis-Christensen, 1997], thereby defining a possible mechanism whereby the Sun can influence climate. Verification of these hypotheses has been impossible due to the uncertain knowledge of solar activity prior to 1700. The rate of occurrence of SPE, acting as a proxy for solar activity as indicated in Figure 4 , together with the measurements of the galactic cosmic radiation provided by •øBe and •4C, will now allow these hypotheses to be tested over a much greater period than has been possible previously.
In summary, it is appropriate to think of the Sun and the heliosphere as a tightly coupled physical system, with transfer functions, and feedback paths that have time constants ranging from days to millennia and longer. To date, •øBe, •4C, and world climate have been the only system outputs that are available for the past 30,000 years (for •4C) and > 100,000 years (for •øBe). However, these have been outputs that occurred toward the output end of the total heliospheric system, and we have had no knowledge of the concurrent solar activity that was driving the system. With the impulsive nitrate measurements of SPEs we have identified, for the first time, a semiquantitative monitor of the solar activity that has driven the heliospheric system for thousands of years in the past.
Examination of Figure 2 shows that while the solar proton event frequency and sunspot number curves show some similarities, they are not identical. This is further demonstrated by comparison of the second, third, and fifth columns in Table 2 . Thus we note that (1) while the average peak sunspot numbers for the third and fourth Gleissberg cycles are almost equal, both of the SPE parameters (columns 3 and 5) for the fourth Gleissberg cycle are almost twice those for the third cycle, and (2) Our knowledge of the Sun is sufficiently detailed that such differences are not unexpected, and their study can be expected to further our state of knowledge (see section 6). As a semiquantitative indicator of enhanced solar activity for use in the analysis of other phenomena, the ability to extend it far into the past is expected to be much more important than the apparent differences between the large fiuence solar proton event frequency and sunspot number. From the results derived in this paper we (1) propose a phenomenological model, wherein variations in the properties of the solar corona account for the delayed switch on of aurorae after the Maunder Minimum and th e tendency for the SPE frequency to increase during the declining phase of the sunspot Gleissberg cycle. We (2) estimate that the streaming limited fluence for >30 MeV protons is 8 x ]0 9 cm -2 and speculate that the break in slope in the cumulative probability distribution in the vicinity of 6 x 10 9 cm -2 in Figure 5 of McCracken et al. [this issue] is indicative of this effect. This suggests that the Carrington SPE of 1859 is an example of a solar proton event that exceeded the streaming limit, and therefore worthy of careful study using the magnetic and other data from that time. We (3) predict that the frequency of large solar proton events may incr. ease from its present low value by a factor of 6 to 8 commencing perhaps in the next Schwabe cycle. Should this prediction be correct, the Earth will experience substantially more solar proton events and ground level events than has been our experience during the period since 1950. This will have major implications for space flight and engineering. This paper demonstrates that nitrate events in polar ice core have the potential to provide a means of studying the occurrence of solar proton events and solar activity far into the past. This will provide the ability to investigate long-term changes in the temporal characteristics of the dynamo processes that generate the variable solar magnetic fields and to investigate any links that may exist between solar activity and climate change during recent geological time. With the impulsive nitrate measurements of SPE we have, for the first time, the ability to monitor the solar activity that has driven the whole heliospheric system for many thousands of years into the past.
